ABSTRACT This is the third in a series of papers studying the variable stars in old globular clusters in the Large Magellanic Cloud. The primary goal of this series is to look at how the characteristics and behavior of RR Lyrae stars in Oosterhoff-intermediate systems compare to those of their counterparts in Oosterhoff-I/II systems. In this paper we present the results of our new time-series BVI photometric study of the globular cluster Reticulum. We found a total of 32 variables stars (22 RRab, 4 RRc, and 6 RRd stars) in our field of view. We present photometric parameters and light curves for these stars. We also present physical properties, derived from Fourier analysis of light curves, for some of the RR Lyrae stars. We discuss the Oosterhoff classification of Reticulum and use our results to re-derive the distance modulus and age of the cluster.
INTRODUCTION
This is the third in a series of papers focusing on the variable stars in Large Magellanic Cloud (LMC) globular clusters. The goal of this series of papers is to better understand the nature of the Oosterhoff dichotomy in the Milky Way and how Oosterhoff intermediate (Ooint) clusters in nearby dwarf galaxies fit into that picture. Globular clusters in the Milky Way are classified as either Oosterhoff I (Oo-I) or Oosterhoff II (Oo-II) objects based on the properties of their RR Lyrae stars. Oo-I objects are defined as having an average RRab period of P ab < 0.58 days while Oo-II objects have P ab > 0.62 days; the typical values of P ab are 0.55 days and 0.65 days for Oo-I and Oo-II objects, respectively. Oo-I clusters also tend to be more metal-rich and have a smaller ratio of first overtone dominant to fundamental mode dominant RR Lyrae. The period range between the two groups, 0.58 ≤ P ab ≤ 0.62 days, is referred to as the Oosterhoff gap and is essentially unoccupied by Milky Way globular clusters. The nearby dwarf galaxies and their globular clusters present a sharp contrast to this behavior as these extra-galactic clusters not only fall in the Oo-I and Oo-II groups, they also fall into the gap between these groups; in fact the extra-galactic objects seem to preferentially be located in the gap (Catelan 2009 ). These Oosterhoffintermediate objects, as objects that fall in the gap are called, present a challenge for models that propose that the Milky Way halo was formed through the accretion of objects similar to the present day nearby dwarf galaxies as we would expect to see similar Oosterhoff properties in both samples if that were the case.
The first two papers in this series discussed the variables in the globular clusters NGC 1466 (Kuehn et al. 2011 ) and NGC 1786 (Kuehn et al. 2012) . These previous investigations, combined with the results presented here, build an inventory of updated RR Lyrae properties in a representative sample of LMC globular clusters. A future paper in the series will present a more detailed discussion of our present understanding of the Oosterhoff phenomenon and how the overall results from our study of LMC globular clusters fit into this picture.
Reticulum is an old globular cluster that is located ≈ 11
• from the center of the LMC (Demers & Kunkel 1976) . It has a metal abundance of [Fe/H] ZW84 ≈ −1.66 (Mackey & Gilmore 2004a) ([Fe/H] UVES ≈ −1.61 in the new UVES scale (Carretta et al. 2009 )) and is not very reddened, E(B-V) = 0.016 (Schlegel et al. 1998 ). Mackey & Gilmore found that the age of Reticulum is similar to the ages of the oldest globular clusters in the Milky Way and the LMC, having an age that is approximately 1.4 Gyr younger than the classic nearby Milky Way halo globular cluster M3. Johnson et al. (2002) used Hubble Space Telescope observations to determine that Reticulum formed within 2 Gyr of the other old LMC clusters.
Reticulum is a sparsely populated cluster, but it Figure 2. V ,B − V CMD for Reticulum that is zoomed in on the horizontal branch. The symbols used are the same as in Figure 1 does have a distinct horizontal branch that stretches across the instability strip (Figures 1 and 2 ). Twentytwo RR Lyrae stars were first found in the cluster by Demers & Kunkel (1976) . Walker (1992a, hereafter Walker) later found an additional ten RR Lyrae stars, bringing the total in the cluster to 32. The pulsation types include 22 RRab stars (fundamental-mode pulsators), 9 RRc's (first-overtone), and 1 candidate RRd (double-mode pulsators), although recently Ripepi et al. (2004) found evidence for RRd behavior in four of the previously discovered RR Lyrae stars.
OBSERVATIONS AND DATA ANALYSIS
A total of 38 V , 33 B, and 35 I images were obtained using the SOI imager (5.2x5.2 arcminute field of view) on the SOAR 4-m telescope in February of 2008. ANDICAM (6x6 arcminute field of view) on the SMARTS 1.3-m telescope operated by the SMARTS consortium was used to obtain 45 V , 43 B, and 45 I images between September 2006 and the end of December 2006. An additional 145 V and 146 B image were taken with the Tek2K (13.6x13.6 arcminute field of view) on the SMARTS 0.9-m telescope between December 2008 and November 2009. SOAR exposure times were between 30s and 600s for V and I, and between 45s and 900s for B. SMARTS 1.3-m exposures were 450s for the V and B filters and 300s for the I filter. SMARTS 0.9-m exposures were 400s in both the V and B.
Data reduction and variable identification for the SOAR and SMARTS 1.3-m data were carried out as described in Kuehn et al. (2011) , the same method used for both NGC 1466 and NGC 1786. The SMARTS 0.9-m data was processed using the method described in Jeon et al. (2013) . The uncrowded nature of Reticulum was ideal for Daophot's profile fitting photometry (Stetson 1987 (Stetson , 1992 (Stetson , 1994 and while an image differencing method (ISIS; Alard 2000) was run on the images for completeness, no additional variable stars were recovered. The photometry from Daophot was transformed to the standard system using the Landolt standard fields PG0231, SA95, and SA98 (Landolt 1992) . We compared our resulting photometry to five of the local standard stars used by Walker, finding that for these five stars our photometry was 0.011 ± 0.010 magnitudes brighter in V and 0.001 ± 0.018 in B.
VARIABLE STARS
All 32 RR Lyrae stars found by Walker were recovered: 22 RRab stars, 4 RRc's, and 6 RRd's. The 6 RRd stars were originally classified as RRc stars by Walker but the larger number of observations in our data set allowed for the identification of secondary pulsation modes. The RRab and RRc stars and their observed characteristics (periods, V , B, and I amplitudes, intensity-weighted V , B, and I mean magnitudes, and magnitude-weighted mean B −V color) are listed in Table 1 ; the stars that potentially show the Blazhko effect are identified with 'BL' after their name. The RRd stars, their fundamental and first overtone periods and amplitudes, their period ratios, and their mean magnitudes and color are listed in Table  2 . Periods for RRab and RRc stars are typically good to ±0.00001 or ±0.00002 days while periods for RRd stars are less well known, with uncertainties about an order of magnitude larger. Walker identified the variables in his paper using their star number in the catalog compiled in Demers & Kunkel (1976) . We introduce a new naming system that features only the variable stars and is ordered based on increasing RA. The names used by Walker are listed in the last column in Tables 1 and 2.  Table 3 gives the photometry for the RR Lyrae stars and Figures 3, 4 , and 5 show the light curves for the RRab, RRc, and RRd stars, respectively. The positions of the variable stars within the cluster are shown in Figure 6 .
The RRab stars have intensity-weighted mean magnitudes of V = 19.06 ± 0.01, B = 19.39 ± 0.01, and I = 18.61 ± 0.01 while the RRc stars have mean magnitudes of V = 19.05 ± 0.02, B = 19.26 ± 0.04, and I = 18.69 ± 0.01. The results for RRab stars are 0.02 mag brighter than the mean magnitudes found by Walker while our values for the RRc stars are consistent within the errors of those found by Walker. In general our periods agreed with those of Walker to within 0.0002 days. V08 and V19 were the only stars for which a difference in period greater than 0.01 days was found. Walker found a period of 0.6566 days for V08 while we found a period of 0.64495 days, a decrease of 0.0117 days. For V19, Walker found a period of 0.469 days while we found a period of 0.48485 days, an increase of 0.016 days. We believe the periods adopted represent these stars more accurately, as our phase coverage and timespan of observation is significantly improved over those of Walker.
The first overtone periods for the RRd stars show good agreement with the periods that Walker had reported. Four of the six RRd stars (V03, V11, V15, V24) were also found by Ripepi et al. (2004) . Figure 7 shows the Petersen diagram for the RRd stars in Reticulum along with those in the field of the LMC. The Reticulum RRd stars have similar period ratios to not only the LMC field RRd stars, but also to the RRd stars found in Milky Way Oo-I clusters (Clementini et al. 2004) . The right hand panel shows the results for models from Bragaglia et al. (2001) for three different combinations of metallicity, mass, and luminosity of the RRd stars. The RRd stars in Reticulum North is up and East is to the left. The white gap is due to the finding chart being made from a SOAR image and represents the 7.8 arcsec mounting gap between the two CCDs of the SOI camera.
gests that the Reticulum RRd stars could also be fit by a model of that metallicity with a mass in the range of 0.70 < M/M ⊙ < 0.75 which would be closer to the masses obtained for the RRc stars.
PHYSICAL PROPERTIES OF THE RR LYRAE STARS
It has been shown that the Fourier parameters of RR Lyrae light curves can be used to estimate their physical properties (e.g., Jurcsik & Kovacs 1996 , Jurcsik 1998 , Simon & Clement 1993 . The RRab light curves were fit with a Fourier series of the form
while the RRc light curves were fit with a cosine series. The resulting Fourier coefficients were then used to calculate physical properties of the stars using the relations from Jurcsik & Kovács (1996) , Jurcsik (1998) , Kovács & Walker (1999 , 2001 ), Simon & Clement (1993) , and Morgan, Wahl, & Wieckhorst (2007) . We refer the reader to the first paper in this series, Kuehn et al. (2011) , for further details.
Although a Fourier decomposition was attempted on all the RRab and RRc stars, only 14 RRab had light curves that allowed the reliable determination of Fourier parameters; all 4 RRc stars had reliable parameters determined but V12 stands out from the other RRc stars, see discussion below. Tables 4 and 5 give the Fourier coefficients for the RRab and RRc stars, respectively. The physical properties determined from these coefficients are given in Tables 6 and 7. Table 4 (Jurcsik & Kovács 1996) for the RRab stars. D max can be used to separate RRab stars with "regular" light curves from those with more "anomalous" light curves; lower values represent more regular light curves. Jurcsik & Kovács (1996) suggest that stars with D max > 3 should not be trusted to provide reliable physical properties. We take a slightly more liberal approach and use the RRab stars with D max < 5 to determine the average properties for the cluster; following the condition from Jurcsik & Kovács does not The Fourier parameters and physical properties for the RRc star V12 are listed in Tables 5 and 7 but were not included when calculating the average physical properties for the RRc stars in Reticulum. The physical properties calculated for V12 show a marked difference from the properties of the other RRc stars in the cluster; we obtained a metallicity of [Fe/H] ZW84 = −1.98 for V12, more metal poor than the other RRcs, and a mass of M/M ⊙ = 0.89 which is very large for an RRc. The amplitudes of V12 in all three filters are significantly smaller than for the other RRc stars in the cluster, suggesting possible blending. V12 is slightly brighter in V and B and is bluer than the other RRc stars in the cluster, supporting the possibility that it is blended with a faint blue companion. Blending with a nearby star would alter the shape of the light curve and thus explain the unusual values obtained for the physical properties of V12.
DISTANCE MODULUS
The absolute magnitude-metallicity relationship from Catelan & Cortés (2008) is used to provide the absolute magnitude of the RR Lyrae stars in Reticulum.
The disagreement between the metallicities for RRab and RRc stars raises an issue as to which metallicity to use for calculating the absolute magnitude. Since the metallicity obtained from the RRab stars is consistent with what has been reported in the literature and is drawn from a larger number of stars, that value is used, [Fe/H] ZW84 = −1.61 ± 0.02. This value gives an absolute magnitude of M V = 0.61 ± 0.20. The average magnitude of the RRab stars, V = 19.064 ± 0.008, and the reddening value of E(B − V ) = 0.016 from Schlegel et al. (1998) are used, along with a standard extinction law of A V /E(B −V ) = 3.1, to obtain a reddening-corrected distance modulus of (m − M ) 0 = 18.40 ± 0.20, which agrees with the value of 18.39 ± 0.12 found by Ripepi et al. (2004) . This is shorter than the distance modulus of (m − M ) LMC = 18.44 ± 0.11 that Catelan & Cortés (2008) derived for the LMC, though the two distance moduli agree within the errors. This is not necessarily a surprise as Reticulum is widely separated from the disk of the LMC, having a location that is about 11 degrees from the center of the LMC (Walker 1992a) .
We can also use the period-metallicity-luminosity relationship for the I-band from Catelan et al. (2004) to determine the distance modulus. We used the Fourier derived individual metallicities for the stars that we were able to successfully fit; we used the average metallicity of [Fe/H] ZW84 = −1.61 for the remaining stars. Using the E(B − V ) = 0.016 from Schlegel et al. (1998) and a standard extinction law of A I /A V = 0.482 gives an Iband extinction of A I = 0.024. This gives a reddeningcorrected distance modulus of (m − M ) 0 = 18.47 ± 0.06 which is longer than value obtained from the V -band magnitudes; the smaller error bar for the I-band based distance modulus is due to there being no systematic zero point uncertainty in the I-band.
Despite the changes in color during the pulsation cycle of RR Lyrae stars, RRab stars show a very small range of intrinsic B − V and V − I colors during their minimum light phase (Mateo et al. 1995) . We compare the B − V and V −I colors of our RRab stars to the expected colors in order to calculate the reddening to the cluster. We calculate the expected B − V colors of the RRab stars using the method devised by Sturch (1966) which gives the expected color as a function of period and metallicity. We use the calibration of Sturch's method from Walker (1992b) (2) where P is the period of the star in days. Table 8 lists the (B − V ) min colors and the reddening, E(B − V ) for each of the RRab stars in Reticulum. The Fourier derived individual metallicities were used for the stars for which they were successfully determining, we used the average cluster metallicity of [Fe/H] ZW84 = −1.61 for the remaining RRab stars. The average reddening is E(B − V ) = 0.05 ± 0.01 which is larger than the E(B − V ) = 0.016 from Schlegel et al. (1998) but in agreement with the value of E(B − V ) = 0.05 ± 0.02 found by Walker (1992a) using the same method. Unlike the expected B−V color, the expected V −I color at minimum light does not appear to vary significantly with the period or metallicity of the RRab and we use the value of (V − I) 0,min = 0.58 ± 0.02 from Guldenschuh et al. (2005) ; Table 8 lists the (V − I) min colors and the reddening, E(V − I) for each of the RRab stars in Reticulum. The average reddening from the RRab stars is E(V − I) = −0.01 ± 0.02; this is less than the reddening value of E(V − I) = 0.026 that is expected based on the reddening from the Schlegel dust maps. Table 8 shows that V06 has an E(B − V ) that is significantly larger than the values for any of the other RRab stars and an E(V − I) value that is one the smallest. V06 potentially shows the Blazhko effect and the light curve modulations that result from this effect could potentially make impact its color at minimum light. If we exclude V06 from our calculations, we obtain an E(B − V ) = 0.04 ± 0.01 and an E(V − I) = −0.01 ± 0.01; moving both values closer to what is expected from the Schlegel values.
THE CMD
Our color-magnitude diagram (CMD) is compared to theoretical isochrones from the Princeton-Goddard-PUC (PGPUC) stellar evolutionary code (Valcarce et al. 2012) . The RR Lyrae distance modulus of (m − M ) V = 18.45 mag is adopted; assuming a reddening of E(B-V)=0.016 Schlegel et al. (1998) , the true distance modulus is (m − M ) V,0 = 18.40 mag, as discussed in §5. Although there have been some suggestions that the reddening towards Reticulum is larger than that adopted here (e.g., Mackey & Gilmore 2004) , as shown below, we find little evidence to support a larger reddening value than reported by Schlegel et al. (1998) Figure 8 shows that the best fit isochrones have ages of ∼ 14±2 Gyr, consistent with the ages of other LMC GCs (Olsen 1999 , Mackey & Gilmore 2004 , Bekki et al. 2008 ). The observed RGB fits the CMD well. In contrast, a larger reddening value would shift the isochrones to the red. A smaller [α/Fe] or a more metal-poor [Fe/H] would shift the isochrones to the blue, as would a smaller reddening value. We therefore see no need to adopt a larger value of reddening than that that found by Schlegel et al. (1998) . A small reddening value is also in agreement with the E(B-V)=0.03 derived by Walker (1992a) . We believe Figure 8 provides evidence that our derived RR Lyrae distance modulus fits the CMD remarkably well and supports an old age of Reticulum. Figure 9 shows the V ,(V − I) CMD for Reticulum centered on the RR Lyrae instability strip. A Zero Age Note. -The properties in this table were calculated from the Fourier coefficients for the light curves using the equations described in Kuehn et al. (2011) . The mean values were computed using only the first five stars, which have the lowest Dmax values (Table 4) .
Table 7
Derived Physical Properties for RRc Variables Note. -Due to the unusual values obtained for V12 it is not included when determining the mean values for the physical properties of the RRc stars.
Table 8
Reddening from RRab Stars Horizontal Branch (ZAHB) from the BaSTI HB tracks (Pietrinferni et al. 2004 (Pietrinferni et al. , 2006 with Z=0.0006 is overplotted, as well as the BaSTI evolutionary tracks for 0.65M ⊙ , to 0.68M ⊙ HB stars. As shown by Gallart et al. 2005 , the deviation of the mean RR Lyrae magni- Figure 8 . The V ,(V − I) CMD for Reticulum with theoretical isochrones from the Princeton-Goddard-PUC stellar evolutionary code (Valcarce et al. 2012 ) also plotted. The isochrones fit the observed RGB well and suggest an age of ∼ 14 Gyr for Reticulum.
tudes from the ZAHB is δ(V ZAHB − < V >) RR ∼ 0.1 mag at the metallicity of Reticulum, and hence we adopt (m − M ) V 0,ZAHB = 18.50 mag. The BaSTI tracks indicate that most of the Reticulum RR Lyrae stars have a mass range of 0.65 − 0.68M ⊙ . These RR Lyrae masses are a little larger than those found from the Fourier decomposition of the RRc stars (see Table 7 ), although the mass of V28 derived from the BaSTI tracks and from the Fourier decomposition technique agrees remarkably well. We note that changing (m − M ) V 0,ZAHB does not affect the derived RR Lyrae masses. In contrast, a change in Z affects the theoretical RR Lyrae masses in a sense that a more metal-rich Z shifts the RR Lyrae masses to smaller values.
OOSTERHOFF CLASSIFICATION
The average periods for the RR Lyrae stars in Reticulum are P ab = 0.552 days and P c = 0.325 days. The 22 RRab stars, 4 RRc's, and 6 RRd's give the cluster a number fraction of N c+d /N c+d+ab = 0.31. The average periods for the RRab and RRc stars strongly indicate an Oosterhoff I classification and, while the number fraction is high, it is still consistent with the cluster being an Oo-I object. The minimum period for an RRab star in Reticulum is P ab,min = 0.46862 days, which is also consistent with an Oo-I classification for Reticulum . Figure 10 shows the V , B, and I band periodamplitude diagrams for Reticulum. Both diagrams show that the RRab stars cluster along the line that indicates the typical location for RRab stars in Oo-I clusters. There is more scatter in the positions of the RRc stars but most of them still are located near the Oo-I locus, confirming the classification of Reticulum as an Oo-I object.
CONCLUSION
We have conducted a photometric study of the Reticulum globular cluster in order to identify and classify the variable stars in that cluster; our data set consists of 228 V , 222 B, and 80 I images, making it the largest such data set on Reticulum. We found a total of 32 RR Lyrae stars (22 RRab, 4 RRc, and 6 RRd) in the cluster. While all 32 stars had been previously discovered, we were able to discover secondary pulsation periods in 2 stars that had previously been classified as RRc stars.
We calculated Fourier parameters for a sub-sample of the RRab and RRc stars and used these to determine the physical properties of the RR Lyrae stars in Reticulum for the first time. A future paper in this series will compare these physical properties to those obtained for other clusters in order to look at the differences between clusters of different Oosterhoff type.
We calculated a reddening-corrected distance modulus of (m − M ) 0 = 18.40 ± 0.20 which agrees with the literature values for Reticulum.
The V, (V −I) CMD of the cluster was used to calculate an age of ∼ 14 ± 2 Gyr for Reticulum, consistent with the age of the other old globular clusters in the LMC. The CMD, along with the V − I colors of the RRab stars at minimum light, do not support the suggestions that the reddening toward Reticulum is larger than the value of E(B − V ) = 0.016 from Schlegel et al. (1998) ; however, the B − V colors of the RR Lyrae at minimum light support the larger reddening value of E(B − V ) = 0.04 ± 0.01 from Mackey & Gilmore (2004a) .
The average periods for the RRab and RRc stars indicate that Reticulum is an Oosterhoff I cluster. This is confirmed by the location of the RRab and RRc stars on the Bailey diagram and the location of the RRd stars on the Petersen diagram. (Cacciari et al. 2005; Zorotovic et al. 2010; Kunder et al. 2013 ).
